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Abstract
The fabrication of ﬁber Bragg gratings (FBG) in highly nonlinear specialty ﬁbers for Raman ﬁber lasers (RFL) is
described. Besides the special properties of FBGs in polarization maintaining (PM) ﬁbers that have to be considered
with regard to an optimized laser performance, a method for the post-fabrication tuning of the grating reﬂectivity by
exploiting the nonlinear photosensitivity characteristic of the ﬁber is presented. Experimental results for a RFL setup
with a cavity length of 3 m and FBGs directly inscribed into the active Raman ﬁber are discussed.
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1. Introduction
Fiber Bragg gratings (FBG) acting as wavelength selective cavity mirrors are crucial components in ﬁber lasers.
For Raman ﬁber lasers (RFL) utilizing highly nonlinear specialty ﬁbers a proper characterization of the process pa-
rameters for inscribing the gratings into the Raman ﬁber is important with regard to an optimized laser performance.
Applications with subsequent second harmonic generation (SHG) require a linear state of polarization and a narrow
spectral bandwidth of the ﬁber laser output. Thus profound knowledge of the fabrication parameters and spectral
properties of FBGs in polarization maintaining (PM) ﬁbers is essential as well as an optimized laser cavity regarding
the active ﬁber length and the reﬂection spectra of the total reﬂection grating (TRG) and outcoupling grating (OG).
The examined setup of the RFL is shown in Fig. 1. An Ytterbium ﬁber laser (Yb-FL) with wavelength λP = 1100 nm
is pumping the RFL cavity with a maximum pump power of PP = 8W. The cavity is formed by two FBGs directly
inscribed into the active Raman ﬁber. Their Bragg wavelength λB determines the Raman-shifted output of the RFL at
λS = 1155 nm. To yield a ﬁber laser output with small spectral bandwidth the spectral width of the FBG reﬂection
proﬁle has to be small. Furthermore the impact of undesirable nonlinear ﬁber eﬀects like four-wave-mixing (FWM)
that lead to spectral broadening must be suppressed as far as possible [1]. Therefore the cavity has to be optimized
by choosing the appropriate length Lcav of active Raman ﬁber and the optimum reﬂectivity ROG and bandwidth ΔλOG
of the outcoupling grating. To avoid splicing losses within the laser cavity the FBGs are directly written into the
Raman ﬁber as indicated in Fig. 1. To optimize the OG reﬂectivity experimentally without physically changing the
laser cavity, e.g. splicing a diﬀerent OG to the active ﬁber or writing a new OG and cutting the previous one, a UV
post-processing method is utilized. Exploiting the nonlinear change of the refractive index with accumulated energy
dose of UV light the grating reﬂectivity can be tuned. By uniform illumination of the FBG with UV light the index
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modulation in the ﬁber core is decreased, thus reducing the reﬂectivity of the grating. This method is used to eﬃ-
ciently optimize the cavity of a Raman ﬁber laser and experimental results for a short cavity length of 3 m and FBGs
directly inscribed into the Raman ﬁber are presented.
2. Fiber Bragg gratings in specialty Raman ﬁbers
In the RFL setup two diﬀerent types of PM ﬁbers were used. The ﬁber from the pump laser to the RFL cavity
as well as from the RFL cavity to the collimator is a standard Panda type PM ﬁber (Nufern PM980), while the RFL
cavity consists of an experimental highly nonlinear specialty Raman ﬁber with elliptical core (OFS HNLF, provided
by OFS Specialty Fibers) [2]. The cross-section and relevant ﬁber parameters are given in Fig. 2 for both ﬁbers.
The OFS HNLF has a small elliptical core with an axial ratio of 1,5 and a high ﬁber nonlinearity due to a high
concentration of Germanium dopants in the ﬁber core and a small eﬀective mode area of Aef f = 7,6 μm2 (@1100 nm)
compared to Aef f = 45 μm2 for the PM980 ﬁber. The maximum Raman gain coeﬃcient γR at 1155 nm was measured
to be γR = 20 (W km)−1 in case of co-polarized pump and signal light for a pump wavelength of 1100 nm, while the
standard PM980 has a γR of only 4 (W km)−1. Thus the OFS HNLF is very promising for application in a RFL and
enables very short cavity lengths in the range of few meters.
2.1. Special properties of FBGs in polarization maintaining (PM) ﬁbers
Fiber Bragg gratings in PM ﬁbers show special properties that have to be considered for the inscription process and
the application in a ﬁber laser setup. Due to the birefringence in PM ﬁbers the Bragg condition within the FBG is met
at diﬀerent wavelengths for both orthogonal polarization modes, leading to a spectral splitting into two reﬂection peaks
[3]. This eﬀect can be seen in the left diagram of Fig. 3 for both types of PM ﬁbers that were used in our experiments
(OFS HNLF and Nufern PM980). The reﬂection peaks at higher and lower Bragg wavelengths correspond to the slow
ﬁber axis (eﬀective mode index nslow) and fast ﬁber axis (eﬀective mode index n fast) respectively. To compare both
ﬁbers the wavelengths of the slow axes in Fig. 3 were matched to each other by shifting the wavelength data of the
PM980 ﬁber by approximately 4 nm towards longer wavelengths. The diﬀerence in Bragg wavelength ΔλB depends on
the ﬁber birefringence δn = nslow − n fast and can be calculated by ΔλB = δn · Λpm. With the period of the phasemask
Λpm = 1061 nm used for grating inscription, the birefringence can be calculated to be 1,7 · 10−4 and 3,5 · 10−4
for the OFS HNLF and PM980 ﬁber respectively, which is in good agreement with the ﬁber speciﬁcations. This
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Figure 2: Cross-section of PM ﬁbers used in RFL setup
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Figure 3: Spectral splitting of the Bragg reﬂection due to the birefringence of PM ﬁbers (left) and diﬀerent grating formation for both ﬁber axes
depending on the ﬁber rotation angle during UV grating inscription (right)
ﬁber property could be exploited to realize ﬁber lasers simultaneously emitting two orthogonal polarization modes
at separate wavelengths given by the ﬁber birefringence [4]. Switching the single polarization output between both
polarization modes could be obtained by splicing one of the cavity gratings at 90◦ rotation relative to the main axis
of the cavity ﬁber (i.e. the slow axis of one cavity grating corresponds to the fast axis of the polarization maintaining
cavity ﬁber and the second cavity grating) [5]. In our Raman ﬁber laser setup however single polarization output is
required. This is obtained by coupling the linearly polarized pump light of the Yb-FL, that is delivered by a PM ﬁber
(PM980), into the slow ﬁber axes of the cavity using PM splices. Thus the whole RFL setup is made up of polarization
maintaining ﬁbers.
As PM ﬁbers are not rotationally symmetric with respect to their ﬁber cross-section, the reﬂection spectrum of
the FBG tends to diﬀer for both orthogonal polarization modes regarding the maximum reﬂection [6]. This is due
to the inhomogeneous refractive index change along the ﬁber core cross-section, which enhances reﬂection for one
polarization mode depending on the alignment of the non-symmetric PM ﬁber relative to the writing UV laser beam.
The right diagram of Fig. 3 points out the diﬀerence in reﬂection for both ﬁber axes for the PM980 ﬁber at two
diﬀerent rotation angles of 0◦ and 90◦ respectively. The graph indicates that the diﬀerence in maximum reﬂection is
much higher for rotation angles of 90◦. Thus if a deﬁned and stable grating formation in both polarization axes is
necessary for the respective application, an active alignment of the rotation angle is performed prior to the inscription
process.
2.2. Photosensitivity of HNLF Raman ﬁber
One of the most important parameters for FBG fabrication is the ﬁber photosensitivity, describing the change of
the refractive index depending on the accumulated energy dose of UV light incident on the ﬁber. The basic physical
processes of photosensitivity are still not fully understood, although several diﬀerent models exist [7]. Therefore
calculating the refractive index change is challenging and usually one relies on measured data. The photosensitivity
of a ﬁber can be indirectly measured by writing a uniform grating with known length LFBG into the ﬁber, while
recording the reﬂection spectra simultaneously to the inscription process with an optical spectrum analyzer. In case
of uniform gratings analytical solutions to the coupled mode equations exist, thus the modulation amplitude of the
refractive index Δnac can be calculated from the maximum reﬂection Rmax by following equation [8]:
Δnac =
λB
LFBG · π · arctanh
(√
Rmax
)
. (1)
The average refractive index change Δndc can be calculated from the shift of the Bragg wavelength ΔλB according to
Δndc =
ΔλB
Λpm
(2)
with the period Λpm of the phasemask used to inscribe the grating. Photosensitivity measurements were performed
at wavelengths in the range of 1550 nm and results for the OFS HNLF and PM980 ﬁbers are shown in Fig. 4 in
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Figure 4: Amplitude of the refractive index modulation Δnac (left) and average refractive index change Δndc (right) over accumulated energy dose
of a UV excimer laser
comparison to a photosensitive standard singlemode ﬁber (Nufern GF1) used as a reference ﬁber in our experiments.
The results indicate that the OFS HNLF shows a high photosensitivity reaching almost the same values for Δnac as
the GF1 ﬁber at even lower energy dose. This is due to the high concentration of Germanium dopants within the
ﬁber core, which in order to obtain a high ﬁber nonlinearity is in the range of 20mol%. Compared to GF1 and
OFS HNLF the PM980 ﬁber shows very weak photosensitivity, thus making it diﬃcult to inscribe strong gratings
into this ﬁber without photosensitization methods like hydrogen loading [9, 10]. The photosensitivity curves have a
nonlinear characteristic and show saturation of the UV induced index change for high values of energy dose. This can
be exploited to subsequently reduce the peak reﬂection of a FBG by uniform illumination with UV light, as will be
described in the following chapter.
3. Tuning of FBG spectra by UV post-processing
For an experimental optimization of the power conversion eﬃciency and the narrowband output of the RFL cavity
with a given length Lcav, the maximum reﬂection Rmax of the OG has to be varied, while keeping the spectral band-
width ΔλOG as small as possible. Diﬀerent conﬁgurations of the RFL cavity could be realized by splicing OGs with
diﬀerent Rmax to the active Raman ﬁber or by inscribing diﬀerent OGs directly into the Raman ﬁber, while cutting out
the previous grating. However the main drawback of these methods is the loss in comparability of results, as the splice
attenuation within the cavity and/or the changing cavity lengths introduce random variations. Especially for RFL con-
ﬁgurations with short cavity lengths in the range of few meters, even small changes in the laser cavity may inﬂuence
the laser performance signiﬁcantly. To circumvent this problem a method to subsequently reduce Rmax of a grating by
UV post-processing is utilized. The principle is shown schematically in Fig. 5 in case of a uniform grating. The left
picture shows the uniform refractive index modulation in the ﬁber core representing the initial grating index proﬁle
induced by UV-laser FBG writing using the phasemask method [11]. The local index change within the grating, when
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Figure 5: Principle of reducing Rmax by uniform illumination of the FBG with UV light
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Figure 6: Maximum reﬂection Rmax (left) and spectral bandwidth ΔλFWHM (right) of FBG for uniform illumination with UV light; inset: grating
spectra for increasing UV exposure time
illuminated with a UV laser beam of constant energy density (i.e. without a phasemask), can be described by the
photosensitivity characteristic on the right of Fig. 5 [7]. Due to the nonlinear characteristic and the diﬀerent starting
points for grating minima Δnmin and grating maxima Δnmax, the slope of the index change over energy dose ddDΔn is
larger for the minima. Thus the index modulation Δnac of the grating will decrease, ﬁnally reducing the reﬂectivity
Rmax. The increasing average refractive index Δndc, which was used in similar post-processing experiments [12, 13],
leads to a shift in Bragg wavelength and is of inferior importance for our application, as this shift is compensated by
actively controlling the temperature of the FBGs.
The method was tested by writing an initial grating at 1535 nm into a GF1 ﬁber using a phasemask with Λpm =
1061 nm. The grating had a length of 45mm with a gaussian apodization of the refractive index modulation proﬁle
and a peak reﬂection Rmax of approximately 90%. To subsequently reduce Rmax the phasemask was removed and the
grating was homogeneously exposed to the UV laser beam. The evolution of the grating spectra during illumination,
its peak reﬂection Rmax and spectral 3dB bandwidth ΔλFWHM are shown in Fig. 6. The grating reﬂectivity decreases
almost linearly with rising illumination time, while the grating bandwidth remains small and even decreases slightly.
The illumination time refers to the scanning time for the whole grating length and is in the range of several minutes
to hours. As the process is quite slow it is possible to monitor the grating reﬂectivity simultaneously and control
the reduction of Rmax precisely. Thus the method allows for an eﬃcient optimization of ﬁber laser cavities with high
comparability of results, as no other cavity parameters are aﬀected by the process.
4. Optimization results for RFL cavity with varying outcoupler reﬂectivity
The method described above was applied to optimize the laser performance of a RFL with a short cavity length
of Lcav = 3m. The FBGs were directly written into the OFS HNLF Raman ﬁber using a phasemask with Λpm =
788,72 nm, yielding a Bragg wavelength of approximately 1151 nm. The cavity is spliced to the PM980 ﬁber of the
pump laser at the input and the collimator at the output. The TRG is saturated in order to obtain high reﬂection of
virtually 100%, which results in a quite broad 3dB bandwidth of ΔλTR = 106 pm, as can be seen on the left side
of Fig. 7. The initial OG in the right diagram of Fig. 7 had a peak reﬂection of ROG = 90% and a 3dB bandwidth
of ΔλOG = 46 pm and was subsequently reduced to 75%, 55% and 46% with bandwidths of 32 pm, 34 pm and
26 pm respectively. To ensure stable operation of the ﬁber laser both cavity gratings are thermally matched regarding
their center wavelength and are operated at constant temperature using temperature-controlled FBG mounts. The
diﬀerent RFL conﬁgurations were characterized regarding their conversion eﬃciency of pump power PP at 1100 nm
to Raman shifted output power PS at 1151 nm and the respective bandwidth ΔλS of the generated output laser light.
Results for the diﬀerent conﬁgurations with varying OG reﬂectivity are shown in Fig. 8. All conﬁgurations yield
almost the same output power of PS = 3,5W at a pump power of PP = 6,5W with conversion eﬃciencies in the
range of 50% . . . 55%, even though the laser threshold is shifted to higher pump powers for smaller reﬂectivity of the
outcoupling grating as expected from theory. This is due to the increasing slope eﬃciency in the optimized cavity
conﬁguration, enabling a more eﬃcient power conversion above the laser threshold. Concurrently the RFL output
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Figure 7: Reﬂection spectra of ﬁber Bragg gratings forming the RFL cavity
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diﬀerent outcoupling grating reﬂectivity
becomes more and more narrowband with decreasing ROG (right graph in Fig. 8). This is not solely a result of the
reduced grating bandwidths ΔλOG, as the laser bandwidth for the conﬁguration with 90% grating is more than twice as
broad as the grating bandwidth itself (ΔλS = 118 pm compared to ΔλOG,90% = 46 pm). It rather is attributed to reduced
spectral broadening by four-wave-mixing (FWM). For a ﬁxed cavity length the impact of FWM is getting stronger
with increasing ROG, as nonlinear ﬁber eﬀects are driven by the increasing light intensity within the cavity. For the
optimized RFL cavity with ROG = 46% spectral broadening due to FWM can almost be neglected and the bandwidth
of the output remains in the range of the grating bandwidth (ΔλS = 28 pm compared to ΔλOG,46% = 26 pm).
5. Conclusion
The special properties of FBGs in PM ﬁbers and their inﬂuence on laser performance when applied in ﬁber lasers
were discussed. The proposed post-processing method for subsequently reducing the reﬂectivity of a Bragg grating by
uniformUV illumination is an eﬃcient tool for optimization of ﬁber laser cavities. Especially in applications for which
a narrowband laser output is obligatory the inﬂuence of ﬁber nonlinearities that lead to unwanted spectral broadening
can be signiﬁcantly reduced. This was demonstrated for a Raman ﬁber laser setup with diﬀerent outcoupling gratings.
The laser output bandwidth could be reduced by more than a factor of four, while at the same time keeping the power
conversion eﬃciency constant at approximately 55%. To further increase the overall power conversion eﬃciency of
the RFL, the optimization method described in this paper has to be performed for a setup with larger cavity length.
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